Genetic diversity and population structure were studied in eight populations of the kestrel Falco tinnunculus to identify the genetic consequences of spatial distribution and to infer the colonization patterns of the Cape Verde archipelago. We studied genetic differentiation and gene flow among seven island populations and one mainland population using nine microsatellite loci. Within the archipelago, differentiation was strong and genetic diversity and heterozygosity were low but variable among populations. Two subspecies F. tinnunculus neglectus on the northwestern islands and F. tinnunculus alexandri on all the other islands were identified as genetically distinct units. F. t. alexandri could be further separated into two groups on eastern and southern islands. Populations are probably founded by birds originating from the mainland. Immigration is more likely to the eastern and southern populations, whereas the northwestern islands with the lowest genetic diversity and highest differentiation are likely to exhibit fewer founding events by immigrants. The number of founding events on each island may depend not only on geographical distance to neighbouring populations, but also on directional immigration due to the northeastern trade winds. This may explain differences in genetic differentiation and diversity between populations and subspecies and may enable allopatric speciation.
Introduction
In small isolated populations genetic variation may be reduced and thus lead to the loss of evolutionary adaptability to environmental changes (Lande & Barrowclough 1987) . Island populations often have low levels of genetic diversity (Frankham 1997) , particularly if gene flow from the mainland, population size or growth rate is low. The negative effects of a severe reduction in population size on genetic diversity have recently been shown in Mauritius kestrels Falco punctatus (Nichols et al . 2001) . In another study, May et al. (1993) found low allelic variability and heterozygosity in the isolated and inbred British population of the red kite Milvus milvus following a bottleneck. In New Zealand robins, Petroica australis, however, moderate levels of variation were maintained in populations founded by only a few birds (Ardern et al . 1997) .
Single colonization events are unlikely to have pronounced effects on genetic diversity (Rice & Hostert 1993; Moya et al . 1995; Clegg et al . 2002) . Migration rates among small populations need to be relatively high to maintain much of their genetic diversity (Hanski 1999) . Three to four founding events were required in populations of silvereyes, Zosterops lateralis , in order for levels of allelic diversity and divergence to approach those of evolutionary old populations (Clegg et al . 2002) . However, when gene flow between established populations is rare, populations may evolve independently. Wright (1982) emphasized the creative role of gene flow in evolution, which may be caused by the immigration of new alleles that are not selected in the new environment. This depends on the mobility of individuals under the respective geographical circumstances. Colonization sequence, direction, frequency and intensity of immigration to islands can be inferred using phylogenetic tree topology and geography (Thorpe et al . 1994) , assuming that birds are more likely to colonize neighbouring islands than more distant ones. Genetic differentiation and speciation in island populations are determined by colonization history and changes in population size.
Oceanic islands with their discrete geographical nature, and often high diversity of endemic species and distinct habitats, are natural laboratories in which to study the evolution of organisms. They offer a great opportunity to estimate the importance of different evolutionary forces, such as selection and genetic drift, leading to the evolution of phenotypic and genotypic differentiation in island populations (Grant et al . 1976; Slatkin 1987; Grant & Grant 1992; Grant 1998; Emerson 2002) .
The Cape Verde archipelago is located ≈ 450 km off the coast of West Africa and comprises nine larger islands that are exposed to the northeastern trade winds. The northeastern side of an island meets the windward side, with higher precipitation and is the most highly vegetated and food-rich part of an island. In contrast, the southern and westerly parts are mainly desert habitats, where the opportunities for a kestrel to find food, survive and reproduce are suggested to be lower.
The kestrel is resident on all islands. Two subspecies namely Falco tinnunculus neglectus ( F. t. neglectus ) on the northwestern islands and Falco tinnunculus alexandri ( F. t. alexandri ) on the southeastern islands ( Fig. 1) have been described based on few morphological characters (Bourne 1955) . Strong morphological and behavioural differences, however, could be found within subspecies, which reflect adaptations to local habitats, assuming a restricted gene flow among islands (Hille 2002) .
In this study, we used nine polymorphic microsatellites to assess the genetic structure of kestrels on the Cape Verde archipelago. We specifically analysed genetic diversity within the archipelago in relation to the spatial distribution of populations to infer colonization patterns. We hypothesized that the strong northeastern trade winds influence kestrel dispersal, leading to directional gene flow and differences in genetic diversity. These findings help us to understand the role of different factors, such as founder effects, population size and geographical features, in the speciation processes. Fig. 1 ). The Cape Verde subspecies can be differentiated using morphological features such as male body mass and female gape width (Hille 2002) . Birds were caught using bal-chatri traps (little cages with nooses fixed on top and a live mouse inside as a bait, see Bub 1986 ). Estimates of kestrel population sizes result from counts of breeding pairs on 10 randomly chosen plots (4 km 2 ) covering all the different habitats on each island over three years between 1997 and 1999. Estimates were projected to habitat and island size. Because of changes in population size between years a mean estimate is given, rounded to the nearest one tenth. As the Austrian sample is part of a larger population, we do not give any population estimates.
Materials and methods

Sampling and amplification
Blood samples were taken from the brachial vein and blood was preserved in APS buffer (Arctander 1988) . DNA was isolated from blood using a standard phenolchloroform procedure. Polymerase chain reactions (PCR) and visualization of amplification products were performed after Nesje et al . (2000a) . Of 12 microsatellite loci developed for the peregrine falcon (M. Nesje, GenBank Accession nos. AF118420-118434: loci NVHfp5 , NVHfp13 , NVHfp31 , NVHfp46-1 , NVHfp54 , NVHfp79-1 , NVHfp79-4 , NVHfp82-2 , NVHfp86-2 , NVHfp89 , NVHfp92-1 and NVHfp107 ), Cape Verde kestrels failed to amplify locus NVHfp54 and in some individuals NVHfp107 . At locus NVHfp79-1 we detected a high frequency of null alleles (calculated using cervus Version 2.0, Marshall et al . 1998 ) and we therefore excluded these three loci from subsequent analyses.
Statistical analysis
Departures from Hardy-Weinberg equilibrium (HWE) were tested for each of the nine loci using genepop Version 3.1d (Raymond & Rousset 1995a) , which uses a Markov chain method following the algorithm of Guo & Thompson (1992) . Relative genetic variation in each population was assessed using allele frequency data from which the mean number of alleles ( NA ), allelic richness ( R ; Petit et al . 1998 ) and unbiased expected heterozygosity ( H e; Nei & Roychoudhury 1974) were determined using fstat Version 2.93 (Goudet 2001) . Investigating the distribution of allele frequencies across populations can assess population differentiation. An exact probability test for departures from random allelic frequencies (Raymond & Rousset 1995b ) was carried out using genepop . Results should, however, be interpreted carefully when using populations with low numbers of sampled individuals.
Geographic distance was the straight-line distance between the centres of the different islands. To examine isolation-by-distance we used a partial Mantel test implemented in fstat assuming that F ST /(1 − F ST ) was linearly related to the distance between the populations. Pairwise F ST estimates were obtained from genepop Version 3.1d (Raymond & Rousset 1995b; as per Weir & Cockerham 1984) and significance tested by permuting genotypes among samples (1000 permutations, fstat ). To reduce the likelihood of type I errors among multiple tests we applied a strict Bonferroni correction (Sokal & Rohlf 1995) .
Population structure was determined using structure (Pritchard et al . 2000) by identifying genetically distinct clusters and calculating the probabilities of individuals belonging to a particular cluster (using no prior population information, USEPOPINFO = 0) and population (using prior population information, USEPOPINFO = 1). Calculations were carried out with 10 000 iterations, following a burn-in period of 10 000 iterations. Each simulation was performed 10 times and mean values are given. We also tested population genetic structure by means of a hierarchical analysis of molecular variance ( amova ) using arlequin Version 2.0 (Schneider et al . 2000) . We therefore grouped populations into three subgroups, a northwestern group consisting of SA, an eastern group ( BV, SL) and a southern group ( MA, ST, FG, BR).
Results
Genetic variability and HWE
Genotypes at 9 microsatellite loci were determined for 147 individuals of 7 island and 1 mainland population. In the island populations the mean number of alleles per locus ( NA ) ranged between 2.1 on Sal and 3.0 on Brava (mean number of alleles on Cape Verde: 2.7), whereas the mean allele number for the Austrian population was 6.1 (Table 1) . Allelic richness ( R ) and heterozygosity ( H O ) were higher on the mainland ( R = 1.72) than on the islands (mean R = 1.39). In the archipelago, H O ranged between 0.22 (Santo Antão) and 0.51 (Santiago, Table 1), whereas on the mainland H O was 0.56. There was an increase in genetic diversity in a southwesterly direction, whereas in the northeast, on Santo Antão, we found the lowest genetic diversity (Table 1) . We found no correlation between mean number of alleles ( NA ) or observed heterozygosity ( H O ) and population size (Spearman's rho, n = 7, H O : r = 0.108, P = 0.818; NA : r = 0.283, P = 0.538). Probability tests indicated that the Austrian population deviated from HWE ( P < 0.0001). This my be due to the occurrence of polygamy Zink (1998) described in this population.
Population differentiation and structure
Overall F ST across all populations and loci was 0.29 ( P < 0.001) showing pronounced differentiation among populations. Pairwise F ST values ranged between 0.01 and 0.61. The highest differentiation was found between all islands and Santo Antão ( (Table 2) . Comparing genetic and geographical distances between pairs of islands, we found a significant positive relationship (Mantel test, r = 0.58, P < 0.005).
Principal component analysis (PCA) results showed a clear separation between the two island subspecies and the mainland population (Fig. 2) . Population scores were plotted on two principal axes (PC1 and PC2), which cumulatively explained 89% of the total genetic diversity (PC1: 67.4%, P < 0.01, PC2: 21.5%, P = 0.7).
Using structure we estimated the maximum probability of genetically distinct clusters to be K = 3, suggesting that the Cape Verde kestrel populations can be divided into three groups. The proportions of membership of each kestrel population in three inferred clusters are shown in Table 3 . Kestrels of Santo Antão can be split into one cluster (III), whereas birds from the east, namely Boavista and Sal, form a second cluster (I). The southern populations Fogo, Brava and Santiago can be assigned to a third cluster (II). The birds from Maio can be assigned more likely to clusters II and I. Proportions of membership ( q ) to each cluster, however, were lower in the southern populations, indicating moderate gene flow among population within cluster I and between cluster I and II. Performing a Bayesian assignment test with given population information (USEPOPINFO = 1), all individuals (100%) assigned to their population of origin. We also investigated genetic variation between populations with an analysis of molecular variance (amova) and found significant effects among groups (east, south, north) (F CT = 0.31, P < 0.0001), among populations within groups (F SC = 0.06, P < 0.0001) and within populations (F ST = 0.35, P < 0.0001).
Discussion
Our genetic study on kestrels identifies important factors relevant for speciation processes in islands populations. Genetic variation cannot be linked to potential bottlenecks but to different immigration rates. Our data indicate that not only geographical distance, but also wind direction, and therefore the spatial position of the islands, determine the kestrels' migration between islands.
Genetic diversity of islands vs. mainland
Isolated island populations, independent of time of colonization, exhibit lower allelic diversity than mainland populations (see Clegg et al. 2002) . The seven island populations of kestrel on Cape Verde displayed low levels of genetic diversity compared with the Austrian mainland. Cape Verde kestrels also exhibited lower levels of genetic diversity than Norwegian and Kenyan populations analysed using the same microsatellite loci Hille (2002) . Genetic diversity was also shown to be higher in British kestrels compared with populations from Madagascar, the Seychelles, Canaries or Mauritius (Nichols et al. 2001) . The F. tinnunculus subspecies on the Canary Islands, situated only 100 km off the African coast and closer to the African and European mainland populations, show higher genetic diversity than all other island populations studied (Nichols et al. 2001) . Geographic distance between the mainland and the islands strongly affects the genetic diversity of island populations, hence on the Cape Verde islands, situated 450 km off the West African coast, immigration and gene flow from the mainland are suggested to be reduced. However, evidence for immigrating individuals from the mainland comes from a European kestrel specimen in the Peabody collection (USA) collected on Sal on 10 March 1924 during the 'Blossom expedition'. This reveals that the nominate race tinnunculus occurs as a migrant at least occasionally in the eastern Cape Verde islands. On the isolated Cape Verde archipelago the immigration of migratory birds from the mainland may be very low but plays a crucial role for the maintenance of genetic diversity. Clegg et al. (2002) showed in silvereyes (Zosterops lateralis) that several colonization events are required to approach indices of diversity expected from evolutionary older populations.
In addition to the effects of isolation by distance, bottlenecks may influence genetic diversity. In the Cape Verde populations we found lower levels of genetic diversity than on the mainland, but no correlation between mean number of alleles or heterozygosity and population size. Heterozygosity is an effective indicator of population bottlenecks only if the event was severe in strength or duration (Nei et al. 1975; Leberg 1992) . Ardern et al. (1997) were able to demonstrate that even in bottlenecked populations of New Zealand robins, Petroica australis, genetic diversity can be maintained. Mauritius kestrels, however, after experiencing a drastic population bottleneck down to four birds showed heterozygosity levels of H O = 0.09, which is much lower than that found in ancestral Mauritius kestrels (H O = 0.23; Nichols et al. 2000) . However, no evidence for a genetic bottleneck in any of the island populations of kestrel was found by Hille (2002) , when testing using the program bottleneck (Cornuet & Luikart 1996) . We assume, therefore, that the low levels of heterozygosity on the Cape Verde islands are not an indicator of severe historic bottleneck events on the archipelago, but rather an effect of only a few founding events. Our study reveals that the geographical isolation of island populations determines low immigration rates and therefore explains low levels of genetic diversity.
Population differentiation and colonization pattern
Within an archipelago genetic differentiation of island populations is related to dispersal between islands and genetic drift. Beside geographical distance of populations and quantity and quality of founding, different populations of the same species may be in different phases of colonizing activity at any given time (Seutin et al. 1994) . On Cape Verde we found pronounced genetic differentiation of all island populations and patterns of genetic structure indicate low rates of gene flow among island populations and between the archipelago and the mainland. In comparison, the genetic differentiation of European and North American populations of the peregrine falcon, F. peregrinus, analysed using the same microsatellite loci (Nesje et al. 2000b) was far less distinct. The resident island kestrels may either avoid flying over open water or dispersing birds may have low reproductive success. When analysing allele frequencies, the two Cape Verde subspecies could be confirmed and populations separated into three groups. The subspecies F. t. neglectus forms a genetically distinct group, whereas F. t. alexandri could be divided into a southern and an eastern group. However, levels of membership to one cluster were much lower in the southern and eastern group than in the northern, indicating frequent gene flow among the islands of the southern group. Birds from Maio could be partly assigned to the eastern group using the clustering method, although sample size was low in this case and results should be seen as preliminary. The relative influence of gene flow and drift on the genetic structure of a population changes as populations become more geographically separated (Hutchinson & Templeton 1999) . As we were able to show, genetic distance between populations was correlated with geographical distance and the lowest F ST values were found between neighbouring populations (BR-FG, FG-ST, ST-MA and BV-SL). Gene flow is therefore most likely between geographically less distant islands as in the south and east of the archipelago. The most distant population of Santo Antão, not being connected by 'stepping stones' islands, was genetically the most distinct. Genetic distances between the population on Santo Antão and the other island populations were even higher than between almost all island population and the mainland. Because of geographical isolation and rare dispersal and immigration events to the northwestern populations, kestrels on Santo Antão (F. t. neglectus) were genetically distinct and exhibited the lowest levels of allelic richness and heterozygosity. If a bird coming from the mainland lands on the eastern islands of the archipelago, further migration is suggested to the more closely situated populations in the south and east. In comparison with the larger and hence more vegetated island Boavista, the desert-like island Sal provides less suitable habitats for kestrels and settlement of immigrating kestrels from the mainland is suggested to be rather difficult and unlikely. Therefore, Sal may well be used as a 'stepping stone', and immigrants coming from the mainland leave it for the neighbouring islands in search of suitable habitats.
However, geographical distance and habitat quality alone do not explain the different levels of gene flow and genetic diversity found on the archipelago. We hypothesize that the colonization pattern is further determined by wind direction and may lead to an increase in genetic diversity and heterozygosity in a southwesterly direction, corresponding to the dominant wind direction. These are the northeastern trade winds, representing 78% of all winds (Schleich & Schleich 1995) . The northeastern trade winds may favour kestrel dispersal and hence directional immigration in a northeast to southwest direction. Dispersal in southwesterly direction using neighbouring islands as stepping stones, for example, from Sal to Boavista to Maio to Santiago to Fogo and finally to Brava means that a kestrel is most likely to land on the northern or northeastern side of an island. Because of local differences in precipitation, a kestrel landing on the northeastern side of an island is suggested to have higher chances of finding food, surviving and reproducing than a kestrel landing on the leeward side. This is not the case on Santo Antão; because of its geographical position in the northwest of the archipelago, and the given wind direction, a kestrel is most likely to land on the southern side of the island where the landscape is rather dry and prey and kestrel abundance are low. Little immigration and gene flow into the populations on Santo Antão and the other northwestern islands, São Nicolau and São Vicente, may maintain local adaptations as described in Hille (2002) , and finally enhance allopatric speciation in F. t. neglectus.
In summary, our findings support experimental models and studies on wild populations in that few colonization events are unlikely to have a pronounced effect on genetic diversity (Rice & Hostert 1993; Clegg et al. 2002) . We suggest that spatial differences in genetic diversity are a result of multiple vs. rare founding events due to the position and quality of kestrel habitats. Our data indicate the allopatric speciation process to be enhanced by geographical distance between neighbouring populations and wind direction nonfavourable for dispersing birds.
